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Pennsylvania State University, State College, PennsylvaniaABSTRACT Molecular transport through the basement membrane is important for a number of physiological functions, and
dysregulation of basement membrane architecture can have serious pathological consequences. The structure-function rela-
tionships that govern molecular transport in basement membranes are not fully understood. The basement membrane from
the lens capsule of the eye is a collagen IV-rich matrix that can easily be extracted and manipulated in vitro. As such, it provides
a convenient model for studying the functional relationships that govern molecular transport in basement membranes. Here
we investigate the effects of increased transmembrane pressure and solute electrical charge on the transport properties of
the lens basement membrane (LBM) from the bovine eye. Pressure-permeability relationships in LBM transport were governed
primarily by changes in diffusive and convective contributions to solute flux and not by pressure-dependent changes in intrinsic
membrane properties. The solute electrical charge had a minimal but statistically significant effect on solute transport through
the LBM that was opposite of the expected electrokinetic behavior. The observed transport characteristics of the LBM are
discussed in the context of established membrane transport modeling and previous work on the effects of pressure and electrical
charge in other basement membrane systems.INTRODUCTIONThe basement membrane is composed of highly organized
extracellular matrix proteins that provide structural support
for endothelia, epithelia, and other tissues throughout the
body (1). Basement membranes are involved in tissue
morphogenesis, cell signaling, cell differentiation, and
wound healing. In addition, the basement membrane plays
a role in regulating macromolecular transport and water
flux between different fluid compartments. This is important
in a wide range of physiological and pathophysiological
processes. Macromolecular transport between intra- and
extravascular spaces (2), transport of nutrients and waste
in tumors (3,4), and water and solute flux across the kidney
filters and tubules (5–7) are all governed in part by the mass
transport properties of the basement membrane.
Permeability studies have shown that several basement
membranes have the ability to partially restrict the passage
of high-molecular-weight macromolecules. These include
basement membrane from Engelbreth-Holm-Swarm (EHS)
tumor extracts (8,9), isolated glomerular basement
membrane (GBM) (10,11), and isolated tubular basement
membrane (6,7). Variability in the permeability to macro-
molecules among different basement membranes can likely
be attributed in part to differences in molecular architecture,
particularly the presence of different isoforms of type IV
collagen. Collagen IV plays a critical role in the structuralSubmitted November 29, 2012, and accepted for publication January 28,
2013.
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supramolecular assemblies that differ based on the presence
of each specific collagen IV isoform. The a1a1a2 collagen
IV heterotrimer is ubiquitous to all basement membranes,
whereas a3a4a5 collagen IV is tissue specific, with locali-
zation to the GBM, lens capsule of the eye, lung, testis,
and cochlea (12–15), but little or no expression in EHS
tumor extract (16) or human tubular basement membrane
(17). a1a1a2 collagen IV forms a polymerized network
via disulfide cross-links at the amino and carboxy termini,
whereas a3a4a5 collagen IV forms distinct macromolec-
ular networks through additional intermolecular disulfide
cross-links within the collagen IV chain (12). This higher
degree of intermolecular cross-linking in the a3a4a5
collagen IV network may help explain the relative increase
in size selectivity of isolated GBM compared with basement
membrane lacking a3a4a5 collagen IV.
A number of diseases are associated with abnormalities in
basement membrane collagen IV. These include pathologies
in basement membrane assembly or maintenance as well
as autoimmune diseases that target specific basement
membrane components. Diabetes is associated with thick-
ening of the basement membrane in a number of tissues,
including the kidney and the eye, due to overproduction of
collagen IV and/or improper proteolysis (18). Mutations in
the genes that encode a1 and a2 collagen IV (COL4A1
and COL4A2) have a wide range of phenotypes that include
vascular, ocular, kidney, muscular, and neurological disor-
ders of varying severity (19). Alport’s syndrome results
from mutations in one of the genes that encode the a3,http://dx.doi.org/10.1016/j.bpj.2013.01.062
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cases resulting from mutation to the COL4A5 gene, which
codes for the a5 collagen IV (12,15). Alport’s syndrome
is characterized by an improperly assembled GBM, often re-
sulting in proteinuria, hematuria, and eventually end-stage
renal disease. Alport’s syndrome is also associated with
hearing loss and eye problems. Goodpasture’s syndrome is
an autoimmune disease in which antibodies target the non-
collagenous 1 (NC1) domain of the a3 collagen IV isoform,
and results in kidney and often lung problems (15,20). The
diversity of the pathologies that result from collagen IV
dysfunction illustrates their significant role in maintaining
biological function.
Despite its importance in normal physiology and disease,
macromolecular transport across basement membrane is
not fully understood. The structure-function relationships
that govern macromolecular permeability in different base-
ment membranes have not been fully elucidated. The role
of charge-charge interactions between matrix and charged
solutes in regulating permeability is still unclear. Charge
effects have been clearly documented in synthetic ultrafil-
tration membranes, with negatively charged membranes
exhibiting enhanced rejection of negatively charged solutes
(21,22). However, the magnitude of this effect in biological
membranes and its implications for normal and patholog-
ical function are less clear. Charge-based differences in
macromolecular transport across the vascular wall have
been documented in a number of tissues. However,
although certain tissue vasculatures showed increased
retention of negatively charged molecules (23–25), other
tissues suggested restricted transport of positively charged
solutes or enhanced transport of negative solutes (26,27).
The reason for this inconsistency is still unresolved. This
issue has been particularly puzzling in the debate
surrounding the role of electrical charge in determining
the permselectivity properties of the glomerular filtration
barrier (GFB). Previous work by a number of investigators
showed the presence of fixed negative charge in the GBM,
which was thought to decrease the permeability to nega-
tively charged plasma proteins (25,28). This issue was later
revisited based on several studies that showed increased
passage of negatively charged filtration probes relative to
neutral probes (29,30). One explanation for the observation
was based on possible differences in the conformation of
the negatively charged and neutral filtration probes that
may impart increased flexibility to the negatively charged
molecule.
In addition to electrical forces, mechanical forces, such
as pressure, can play a role in determining solute flux across
basement membrane. Solute transport during pressure-
driven filtration is governed by the relative contributions
of diffusion and convection, which are determined by the
intrinsic properties of the filter (thickness and porosity),
the nature of the solute (size, shape, and electrical charge),
and the solvent volume flux. If the filtration barrier isconsidered to be an isotropic material, the total flux of a rigid
solute can be described as
Ns ¼ KcVCs  KdDNdCs
dz
(1)
where Ns is the solute flux, DN is the free solution diffusion
coefficient, Cs is the solute concentration in the pore, V is the
solvent velocity, and Kd and Kc are the diffusive and convec-
tive hindrance factors, respectively. Integration of Eq. 1
across the membrane thickness (d) from z ¼ 0 (upper
membrane face) to z ¼ d (lower membrane face) gives
Sa ¼ FKcexpðPeÞ
FKc þ expðPeÞ  1 (2)
FKc

Vd

Pe ¼
FKd DN
(3)
where Sa is the actual membrane sieving coefficient, F is
the equilibrium partition coefficient of the solute, and Pe
is the membrane Peclet number. Filtrate velocity is the
volume flow rate across the membrane (Q) divided by the
membrane area (A). The asymptotic sieving coefficient SN
(i.e., the sieving coefficient at high Pe) and the diffusive
membrane permeability Pm are given by
SN ¼ FKc (4)
FKdDN
Pm ¼
d
(5)
Equation 2 can be rewritten in terms of the asymptotic
sieving coefficient and the diffusional permeability as
Sa ¼
SNexp

SNQ
APm

SN þ exp

SNQ
APm

 1
(6)
Changes in sieving coefficient with pressure can occur
concomitantly in two ways: 1), by altering the diffusive
and convective contributions to solute flux; and/or 2), by
altering the intrinsic properties of the membrane. Pres-
sure-dependent increases in solvent flux shift the balance
between diffusive and convective solute flux (31). The
sieving coefficient of a given molecular weight molecule
will tend to decrease with increasing solvent flux based on
an increase in Pe. Changes in pressure can also result in
membrane compression, which decreases the membrane
thickness and reduces the effective pore size. This alters
the permeability properties (FKd andFKc) of the membrane
irrespective of the changes in flux. Several isolated base-
ment membranes, including EHS tumor extracts (8,9) andBiophysical Journal 104(7) 1476–1484
1478 Ferrell et al.isolated GBM (11), have shown a relationship between
pressure and the intrinsic permeability properties of the
membrane.
Here we investigate the effects of pressure and electrical
charge on macromolecular transport across basement
membrane isolated from the anterior lens capsule of the
bovine eye. We measured sieving across the lens basement
membrane (LBM) using negatively charged and neutral
Ficoll filtration probes of equivalent size and conformation
to simultaneously evaluate pressure and charge effects on
LBM transport across a range of molecular radii. We inter-
preted the pressure-dependent sieving properties of the
membrane based on the previously described membrane
transport model. We then used the streaming potential
(i.e., the voltage created by pressure-driven flow of an elec-
trolyte solution across an electrically charged membrane) to
further investigate the observed charge-dependent transport
properties of the LBM.MATERIALS AND METHODS
Ficoll preparation and characterization
Conformationally similar neutral and anionic Ficoll filtration probes were
synthesized as described previously (22,32). Native Ficoll 70 (F2878;
Sigma-Aldrich, St. Louis, MO) and Ficoll 400 (46327; Sigma-Aldrich)
were used as neutral filtration probes. Carboxymethylated (CM) Ficoll 70
and 400 were used as negatively charged probes. Ficoll 70 and 400 were
labeled with fluorescein isothiocyanate (FITC-Ficoll), and CM Ficoll 70
and 400 were labeled with tetramethylrhodamine isothiocyanate (TRITC-
CM Ficoll). The same techniques were used for both FITC and TRITC
labeling and were performed according to the method of Ohlson et al. (33).
FITC-Ficoll and TRITC-CM Ficoll solutions were analyzed by size-
exclusion chromatography (Agilent Technologies, Santa Clara, CA) using
an Ultrahydrogel 500 column and guard column (Waters, Milford, MA).
The mobile phase was phosphate-buffered saline (PBS; 150 mmol NaCl,
50 mmol phosphate, 200 ppm NaN3, pH 7.0) at a flow rate of 0.5 mL/min.
FITC- and TRITC-labeled Ficolls were analyzed in separate chromatog-
raphy runs by a fluorescence detector (model G1314B; Agilent Technolo-
gies) at Ex./Em. 495/520 nm and 543/563 nm, respectively. Molecular
weight versus retention time was attained for each time point individually
(not by curve fitting) by use of multi-angle light scattering (DAWN
TREOS; Wyatt Technology, Santa Barbara, CA) coupled with differential
refractive index (model G1362A; Agilent Technologies), and calculated
using ASTRA software. Ficoll standard samples (~10 mg/mL) allowed
for accurate column calibration, and fluorescence detection allowed for
sensitive analysis of the Ficoll samples used for the diffusion and sieving
experiments described below.Bovine lens isolation and characterization
Bovine lens capsule basement membrane was removed from bovine eye
lenses (57114-2; Pel-Freez Biologicals, Rogers, AR) and processed in
a manner similar to the method of Peczon et al. (34). Briefly, the lenses
were kept frozen on dry ice, and the anterior and posterior portions of
the lens were separated by cutting along the equatorial line with a
scalpel. The lenses were immersed in a solution of Dulbecco’s PBS with
calcium chloride (DPBS) and protease inhibitors (P8340; Sigma-Aldrich)
at room temperature until the LBM could be removed from the lens. The
anterior lens was sonicated for 40 min at 4C to remove epithelial cells
and then rinsed with DPBS. The membranes were inspected by opticalBiophysical Journal 104(7) 1476–1484microscopy to evaluate cell removal. The membranes were frozen at
20C until use.
The thickness and porosity of the LBM were measured. Thickness was
measured in a manner similar to that described in Fissell et al. (9). Briefly,
a portion of LBM was placed on a glass slide and overlaid with a coverslip.
The thicknesses of the coverslip and LBM were measured with a stage
micrometer. The coverslip thickness was subtracted from the thickness
of the lens and coverslip to determine the LBM thickness. The porosity
of the LBM was estimated by spreading a portion of LBM hydrated with
deionized water on a glass slide. Excess water was removed from the
LBM and the mass of the hydrated LBM was measured on an analytical
scale. The LBM was then allowed to dehydrate completely on the scale.
The ratio of the change in mass to the hydrated mass was taken as the
porosity.Diffusional permeability
The diffusional permeability of the LBM was determined by fixing it to
a 24-well cell culture insert (353096; Fisher Scientific, Pittsburgh, PA)
with the synthetic polymer membrane removed. The LBM was attached
to the exterior wall of the insert with superglue. A solution of FITC-Ficoll
70 (400 mL at 1 mg/mL in DPBS) was added to the apical compartment, and
1 ml of DPBS was added to the basolateral compartment. This equalized the
fluid levels on each side of the LBM to minimize the hydrostatic pressure
gradient. After 2 and 4 h, an aliquot of solution was collected from each
side of the membrane. The apical solution was compared with the original
feed solution to ensure that the apical Ficoll concentration did not change
significantly over the time period of interest. As such, the change in baso-
lateral concentration of Ficoll of a given solute radius over time (t) can be
described by
dCB
dt
¼ PmA
VB
ðCB  CAÞ (7)
where CA and CB are the concentration in the apical and basolateral
compartments, respectively; Pm is the diffusional permeability; A is the
membrane area; and VB is the volume of the basolateral compartment.
Integrating Eq. 7 gives
ln

CBðtÞ  CA
CBð0Þ  CA

¼ APmt
VB
(8)
where CB(t) is the basolateral concentration at 4 h, CB(0) is the concentra-
tion at 2 h, and t is the time between collections. The apical and basolateral
concentration ratios were determined over a range of molecular radii by
size-exclusion chromatography.Hydraulic permeability
Solvent flux was measured by applying 6.9, 13.8, and 20.7 kPa (1–3 psi) of
pressure to the LBM in a custom-designed cross-flow filtration system (35).
The transmembrane flow rate measured at each pressure was divided by the
membrane area to determine the flux. The slope of the linear regression
of flux versus pressure was multiplied by the solvent viscosity to determine
the hydraulic permeability.Pressure- and charge-dependent solute transport
LBMs were spread onto 0.2-mm-diameter-pore cellulose acetate mem-
branes. Two basement membranes were stacked facing each other and sup-
ported on a 0.5-mm-pore-size silicon frit. The membrane stack was mounted
in the filtration system. Ficoll 400 and Ficoll 70 (neutral and anionic) were
mixed at a ratio of 1:24, respectively. This ratio of Ficoll 400 and 70 gave
Lens Basement Membrane Transport 1479a measureable fluorescence signal over the range of Ficoll radii. A solution
of 500 mg/mL each of fluorescently tagged neutral FITC Ficoll and anionic
TRITC CM-Ficoll in DPBS was circulated in a continuous perfusion loop at
2 mL/min using a peristaltic pump. The transmembrane pressure was
controlled by pressurizing the feed side reservoir with compressed air
and measuring pressure with a transducer mounted on the feed side of
the flow chamber. Two feed and permeate samples were collected at each
pressure for each membrane stack. The first set was discarded due to poten-
tial dilution of the permeate sample from the DPBS used to wet the
membrane or from residual permeate from the previous sample. Feed and
permeate samples were analyzed by size-exclusion chromatography as
described previously, and the sieving coefficient was taken as the ratio of
permeate to feed fluorescence at each molecular radius.FIGURE 1 (a) Diffusive permeability (Pm) versus molecular radius for
the LBM. (b) Diffusive hindrance (FKd) versus molecular radius as calcu-
lated using Eqs. 9 and 10 for the LBM. Black lines are the mean (n¼ 4) and
gray lines denote5SE.Streaming potential measurements
Steaming potential was measured in a manner similar to that described
previously (36,37). The LBM was placed between two cellulose acetate
membranes and supported by a silicon micropore frit. The sample was
mounted in a custom streaming potential measurement system (37) with
Ag/AgCl electrodes on each side of the membrane. The streaming potential
was measured with buffers of two different ionic strengths: 10 mM KCl
with 1 mM TRIS (pH 7.0), and DPBS (137 mM NaCl, 8.1 mM Na2HPO4,
2.7 mM KCl, 1.5 mM KH2PO4, 1.2 mM CaCl2, 1.1 mM MgCl2). Ficoll
filtration probes were not added to the buffer during streaming potential
measurements. Transmembrane pressure was applied using a digitally
controlled pressure regulator. Pressures from 6.9 to 13.8 kPa were applied
to the membrane in 1.72 kPa (0.25 psi) increments in ascending and
descending order, and the voltage difference across the electrodes was
measured with a digital multimeter (Keithley 2000; Keithley Instruments,
Cleveland, OH). The voltage was plotted as a function of pressure and
the streaming potential was taken as the slope of the voltage versus pressure
(dV/dP) curve. The measured streaming potential can be attributed largely
to the LBM, with negligible contribution from the highly permeable
membranes (cellulose acetate membranes and silicon frit), since the pore
size and hydraulic permeability of the LBM are significantly lower than
the other membranes (38).Statistical analysis
The effect of electrical charge on the sieving coefficient was assessed using
multivariable linear mixed effect models with molecular radius, charge, and
radius-charge interaction as covariates. Molecular radius was included as
a nonlinear factor. Statistical analyses were performed using R version
2.15.0 (http://www.r-project.org). A two-sided significance level of 5%
was required for consideration as statistically significant.RESULTS AND DISCUSSION
The diffusive permeability (Pm) of LBM was calculated
using Eq. 8 for molecular radii from 15 to 40 A˚ as shown
in Fig. 1 a. Some insight into the physical characteristics
of the LBM can be gained by evaluating the permeability
in light of the hydrodynamic theory (31,39,40) with the
assumption of cylindrical pores. Although models for
molecular transport through random fiber matrices do exist
(41), similarly to previous efforts (11), we had little success
in correlating our observed membrane transport behavior to
available fiber-matrix theory. Equation 5 can be modified to
account for the porosity of the membrane and the tortuous
path of the solute through the membrane. The product ofthe equilibrium partition coefficient (F) and the diffusive
hindrance factor (Kd) can be expressed by
ε
t

FKd ¼ Pmd
DN
(9)
where d is the membrane thickness, DN is the free solution
diffusion coefficient, ε is the membrane porosity, and t is the
tortuosity (ratio of effective pore length to membrane thick-
ness). The thickness for a single LBM was measured at
54 5 2 mm (5SE; 108 mm for the stacked LBM). DN
can be calculated as a function of the solute radius (rs) using
the Stokes-Einstein equation:
DN ¼ kT
6phrs
(10)
where k is Boltzmann’s constant, T is temperature, and h is
solvent viscosity. FK as a function of molecular radius isd
shown in Fig. 1 b. A FKd value of 1 would indicate no
hindrance to diffusion. Values for LBM were on the order
of 102 for 15 A˚ radius solutes and 104 for 40 A˚ radius,
indicating a significant barrier to diffusive transport over
the entire range of molecular radii. FittingFKd versus radius
to an exponential function of solute radius gives a best-fit
equation of FKd ¼ 0.69 exp(0.19rs), with rs in angstroms.
According to Eq. 9, the coefficient multiplying the exponen-
tial can be interpreted as the ratio of the porosity (ε) to the
tortuosity of the membrane (t). With the measured porosity
of 0.85, the resulting tortuosity is 1.23. The measured and
calculated properties of LBM are summarized in Table 1.Biophysical Journal 104(7) 1476–1484
TABLE 1 Properties of the LBM
Thickness (mm) 545 2 (n ¼ 16)
Porosity (%) 85.25 0.3 (n ¼ 5)
Hydraulic permeability (m)a 5.6  1015
Tortuosityb 1.23
aCalculated from Jv versus pressure.
bCalculated from the best-fit curve of FKd.
TABLE 2 Darcy permeability of the LBM at different
transmembrane pressures
Pressure (kPa) K (1019 m2) (n ¼ 5)
6.9 5.265 0.44
13.8 6.035 0.31
20.7 5.795 0.15
Values are5SE. No statistically significant difference was found based on
a paired t-test.
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the range of 6.9–20.7 kPa (1–3 psi). Fig. 2 demonstrates
a linear correlation between solvent flux (Jv) and pressure
(R2 ¼ 0.995). This is indicative of a noncompressible
membrane, at least over the range of pressures evaluated
here. This is in contrast to compressible gels such as
Matrigel (8,9) and agarose (42), which show nonlinear water
permeability versus pressure characteristics at pressures
similar to those tested here. Articular cartilage also exhibits
nonlinear water permeability with pressure, but at signifi-
cantly higher pressures than those used here (43). Given
the linearity in the solvent flux versus pressure plot, it was
assumed that the membrane thickness was constant as
a function of pressure. The Darcy permeability (K) at each
pressure was calculated as follows:
K ¼ Qmd
ADP
(11)
The values for K at each pressure are given in Table 2. There
was no statistically significant difference between the values
at any pressure (p > 0.05).
Solute transport was characterized as a function of pres-
sure by measuring the sieving coefficient as a function of
molecular radius for pressures of 6.9, 13.8, and 20.7 kPa
(1, 2, and 3 psi, respectively). Based on the high perfusion
flow rate compared with the transmembrane solvent
flux, concentration polarization at the membrane face
was assumed to be negligible and the observed sieving
coefficient was assumed to be equal to the actual sieving
coefficient (35). Fig. 3 shows a downward shift in the
sieving coefficient curve with increasing pressure. The
previous characterization of the membrane indicates thatFIGURE 2 Solvent flux (Jv) versus pressure for the LBM. The linearity of
the regression line suggests properties of an incompressible membrane.
Biophysical Journal 104(7) 1476–1484the change in the sieving coefficient with pressure is likely
not a result of pressure-dependent changes in the intrinsic
membrane properties. Therefore, the diffusive and convec-
tive hindrance factors were assumed to be relatively
constant over the range of pressures that were tested. If
this assumption is accurate, the changes in the membrane
Peclet number and the resulting changes in the sieving
behavior should largely be accounted for by changes in
the solvent flux. For diffusion-dominated flow, this results
in a relative increase in solvent flux compared with solute
flux, effectively diluting the solute in the permeate and
decreasing the sieving coefficient. To evaluate this further,
we fit the sieving data to the model in Eq. 6 using the diffu-
sive permeability data from Fig. 1 and the solvent flux dataFIGURE 3 (a) Sieving coefficient (Sa) versus molecular radius for pres-
sures of 6.9, 13.8, and 20.7 kPa. (b) Model of Eq. 6 fit to the mean sieving
coefficient at each pressure with a best fit of FKc ¼ exp (ars). The best-fit
parameters were 0.15, 0.13, and 0.12 1/A˚ for 6.9, 13.8, and 20.7 kPa,
respectively, suggesting relatively constant diffusive and convective
hindrance factors. The shift in the sieving curve was well accounted for
by the increase in solvent flux.
FIGURE 4 Representative sieving coefficient (Sa) versus radius for
neutral (solid line) and anionic (dashed line) Ficolls, showing a slightly
increased passage of anionic Ficoll.
Lens Basement Membrane Transport 1481from Fig. 2, and assumed the product of the partition
coefficient and convective hindrance factor (FKc) fit to an
exponential function of solute radius [FKc ¼ exp (ars)],
where rs is the solute radius in angstroms. Fig. 3 b shows
a comparison of the model and the experimental data with
a best fit of FKc. The fit parameter, a, at 6.9, 13.8, and
20.7 kPa was 0.15, 0.12, and 0.13 1/A˚, respectively. The
model fits the sieving curve reasonably well. The shift in
the sieving curve is accounted for very well by changes in
the solvent velocity based on the relatively constant value
of FKc with pressure, consistent with the assumption that
this is the primary mechanism that accounts for the sieving
behavior in this membrane system.
Unlike other isolated basement membranes from EHS
tumors and kidney glomeruli, the LBM did not show sig-
nificant membrane compression effects with applied pres-
sure. Differences in behavior between EHS tumor extract
(Matrigel) and LBM can reasonably be accounted for by
differences in molecular composition, organization, and
mechanical properties. Matrigel lacks the highly cross-
linked a3a4a5 collagen IV isoform and has a rather low
compressive modulus of ~0.5 kPa as measured by atomic
force microscopy (44). The compressive modulus of human
LBM has been measured at ~350–500 kPa using a similar
method (45). Another study measured lower values for
LBM Young’s modulus, but the LBM was treated with
trypsin before analysis (46).
It is more challenging to understand the difference in the
behavior of the GBM and LBM, which are qualitatively
similar with regard to their molecular constituents. Both
the LBM and GBM contain collagen IV, laminin, entactin,
and heparin sulfate proteoglycans. However, the relative
concentration and composition of various components differ
(47,48). For example, the calf lens capsule contains more
than three times the proteoglycan concentration of GBM
(47), which would be expected to impart additional resis-
tance to compressive loading. Whereas proteoglycan
concentration decreases with age in the LBM (47), the
Young’s modulus increases, possibly due to an age-related
increase in cross-link density (49). Both proteoglycans and
sulfur-mediated cross-linking have been shown to affect
the mechanical properties of the LBM (50). These structural
differences may explain, at least in part, the difference in
mechanical behavior between the GBM and LBM. It is
difficult, however, to make any definitive statements
regarding the differences between the LBM and GBM, in
part due to a paucity of data on the mechanical properties
of GBM. Although the composite mechanical properties
of glomeruli have been characterized (51), it is not possible
to isolate the cellular and GBM contributions to the overall
Young’s modulus of the capillary wall structure. Another
contributing factor affecting the behavior of the LBM may
be the nonlinearity in the stress-strain behavior. In tension,
the slope of the stress-strain curve increases, effectively
increasing stiffness with increased strain (49). It is unclearwhat role this plays in the compressive behavior of the
LBM, but this could be an additional factor affecting the
mechanical behavior of the LBM at higher pressures. One
should also consider the difference in thickness between
the LBM and GBM when comparing the transport pro-
perties of the two membranes. The LBM is ~2 orders of
magnitude thicker than the GBM. This will influence
solvent transport (hydraulic permeability) as well as diffu-
sive and convective solute flux.
The LBM showed a slightly increased passage of nega-
tively charged CM-Ficoll compared with a size- and confor-
mation-matched neutral counterpart. A representative set of
sieving curves for CM and neutral Ficoll at 6.9, 13.8, and
20.7 kPa is shown in Fig. 4. The sieving difference, although
small, was statistically significant for all pressures (n ¼ 5,
p < 0.0001). Although this is seemingly anomalous based
on the presence of fixed negative charge in LBM, it is
consistent with the increased passage of negatively charged
probes in rat kidney filtration studies (29,30). To further
investigate the electrokinetic behavior of the LBM, we
measured the pressure-induced streaming potential across
the membrane. The streaming potential through a charged
media arises from spatial inhomogeneity of the ions in the
electrolyte near the charged surface. A charged surface
attracts mobile counterions, so that bulk electroneutrality
is maintained over most length scales, but the counterions
are mobile whereas the charged media is not. Therefore,
pressure-driven flow through a negatively charged medium
gives rise to excess cations downstream that accumu-
late until the electrical potential they generate counters the
ion flux. The voltage at which the convection of mobile
counterions is balanced by electrophoresis is called the
streaming potential. For an anionic medium, the high-
pressure side of the medium appears negative compared
with the downstream side, and thus the slope of the dV/dP
plot is negative in sign. The streaming potential mea-
surements are summarized in Table 3. In DPBS, the
streaming potential was 0.0245 0.006 mV/kPa. The posi-
tive slope of the dV/dP curve corresponds to a downstream
negative streaming potential, the opposite of the expectedBiophysical Journal 104(7) 1476–1484
TABLE 3 Steaming potential across LBM and
polyethersulfone membranes
Membrane (buffer) Streaming potential (mV/kPa)
LBM (DPBS) 0.0245 0.006 (n ¼ 6)
LBM (10 mM KCl) 0.0115 0.004 (n ¼ 5)
PES (10 mM KCl) 0.0295 0.004 (n ¼ 6)
Values are5 SE.
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charge. The value decreased to 0.011 5 0.004 mV/kPa
in 10 mM KCl. As a control, streaming potential was mea-
sured through polyethersulfone ultrafiltration membranes
(PBTK07610; Millipore, Billerica, MA, 30 kD molecular
mass cutoff) with a known negative surface charge. The
slope of the dV/dP curve was 0.029 5 0.004 mV/kPa,
as expected for a negatively charged membrane. The down-
stream negative streaming potential for LBM was unex-
pected based on the reported presence of fixed negative
membrane charge. However, it is qualitatively consistent
with measurement of streaming potential by Hausmann
et al. (52) across the glomerular capillary wall in Necturus
maculosus (mudpuppy). They measured the voltage gradient
between the capillary lumen and Bowman’s space and
discovered a positive sign for dV/dP (downstream negative
voltage in Bowman’s space). In mechanical systems, one
typically observes a higher-magnitude streaming potential
when lower ionic strength solutions are tested, because the
layer of mobile counterions is thicker and extends further
into the flow profile, and because the conductivity of the
medium is lower, requiring a higher voltage to generate
a current balancing that produced by flow. This engineering
description of electrokinetic behavior at the interface
between a solid and an electrolyte is complicated by consid-
eration of ionic species adsorbed to the solid, the putative
overcharging effect (53,54). This effect has been observed
in synthetic ultrafiltration membranes (55) and was referred
to by Hausmann et al. (52) in his consideration of the
Necturus data. A negatively charged surface may have
cations adsorbed to it from the electrolyte, which are rela-
tively immobile and may mask or even invert the apparent
sign of the streaming potential. This effect may be further
enhanced in DPBS due to the presence of large divalent
cations such as Ca2þ. This possibility may be supported
by our observation that the streaming potential was smaller
in magnitude when 10 mMKCl, rather than DPBS, was used
as the electrolyte. The observed increased passage of
negatively charged filtration probe does not conform to
the model proposed Hausmann et al. (52), which would
predict electrophoretic transport of the negatively charged
solute back toward the high-pressure side of the filtration
barrier. It should be noted that the streaming potential
measured across LBM was significantly smaller than that
measured across the GFB. This may be due to the contri-
butions of the additional components of the glomerular
capillary wall, particularly the charged endothelial glyco-Biophysical Journal 104(7) 1476–1484calyx. The difference in the magnitude of the streaming
potential could have an important effect on the resulting
permselectivity properties of the filtration barrier. A phys-
ical interpretation of the observed increased passage of
negatively charge probe across LBM will require additional
study. The magnitude of the charge effect, although statisti-
cally significant, was relatively minimal in this membrane
system. The physiological relevance of electrical charge
effects on molecular transport in other membrane systems,
including more complex systems such as the GFB, remains
to be determined.CONCLUSIONS
The diffusive and convective transport behaviors of the
LBM were evaluated with respect to pressure and electrical
charge effects on macromolecular transport. Diffusive and
convective transport was evaluated in the light of well-estab-
lished membrane transport models, and pressure-dependent
changes in molecular sieving were largely accounted for
by the effects of increased solvent flux on the membrane
Peclet number. A lack of pressure-dependent membrane
compression effects was discussed in the context of struc-
tural-mechanical differences in basement membranes
from EHS tumor and isolated GBM as compared with the
LBM, although additional mechanical characterization of
biological basement membranes is needed to fully elucidate
these effects. The effect of macromolecular charge and the
electrokinetic behavior of the LBM were the opposite of
what was predicted for a membrane with a net negative fixed
surface charge. The overcharging effect is one potential
physical phenomenon that may explain this observation.
These interesting, and seemingly anomalous, transport
behaviors point to the complexity of basement membrane
transport behavior and give some insight into the struc-
ture-function relationships that govern basement membrane
transport behavior. This work also points to the need to
further understand these behaviors and their importance
for the physiological and pathophysiological functions of
basement membranes.
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